The DNA sequence recognized by a transcription regulator can be conserved across large evolutionary distances. For example, it is known that many homologous regulators in yeasts and mammals can recognize the same (or closely related) DNA sequences. In contrast to this paradigm, we describe a case in which the DNAbinding specificity of a transcription regulator has changed so extensively (and over a much smaller evolutionary distance) that its cis-regulatory sequence appears unrelated in different species. Bioinformatic, genetic, and biochemical approaches were used to document and analyze a major change in the DNA-binding specificity of Matα1, a regulator of cell-type specification in ascomycete fungi. Despite this change, Matα1 controls the same core set of genes in the hemiascomycetes because its DNA recognition site has evolved with it, preserving the protein-DNA interaction but significantly changing its molecular details. Matα1 and its recognition sequence diverged most dramatically in the common ancestor of the CTGclade (Candida albicans, Candida lusitaniae, and related species), apparently without the aid of a gene duplication event. Our findings suggest that DNA-binding specificity divergence between orthologous transcription regulators may be more prevalent than previously thought and that seemingly unrelated cis-regulatory sequences can nonetheless be homologous. These findings have important implications for understanding transcriptional network evolution and for the bioinformatic analysis of regulatory circuits.
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transcription regulation | DNA-binding protein | transcription factor | evolution of gene expression T he importance of changes in the DNA-binding specificity of orthologous transcription regulators to the evolution of transcriptional networks is an open question. Several lines of evidence have been used to argue that divergence in transcription regulator DNA-binding specificity occurs infrequently. These arguments include the amino acid conservation of transcription regulator DNA-binding domains (1) , the potentially pleiotropic nature of alterations to transcription regulator DNAbinding specificity (2) , and the conservation of function across large evolutionary distances for certain transcription regulators (3, 4) . Several cases of drift in the transcription regulator DNAbinding specificity have been documented across species, but the changes were limited to a small number of amino acid positions and the cis-regulatory sequence remained similar across species (5, 6) . Here, we show that the DNA-binding specificity of a deeply conserved transcription regulator (Matα1) can change so extensively that its cis-regulatory sequence in different species appears unrelated as assessed by bioinformatic criteria.
In the model yeast Saccharomyces cerevisiae, the HMG DNAbinding domain transcription regulator Matα1 activates a set of genes involved in cell-type (mating-type) specification, known as the α-specific genes (αsgs). Matα1 associates with αsg promoters through direct sequence-specific DNA binding aided by a proteinprotein interaction with a second sequence-specific DNA-binding protein, Mcm1 (7, 8) . This basic form of αsg regulation appears to be conserved in the pathogenic yeast Candida albicans, which is estimated to have diverged between 100 and 300 Mya from the lineage that gave rise to S. cerevisiae (9) . For example, deletion of the Matα1 ortholog in C. albicans results in a loss of αsg expression, and the C. albicans Mcm1 ortholog has been shown to bind αsg promoters (10, 11) . Despite the overall similarity of the regulatory scheme, the cis-regulatory DNA sequences that regulate the αsgs have diverged substantially between the two yeasts (11) . Here, we demonstrate that the source of this divergence is the extensive evolution of Matα1 DNA-binding specificity.
Results
Significant Divergence of the αsg cis-Regulatory Sequence Between C. albicans and S. cerevisiae. To computationally demonstrate the divergence of the αsg cis-regulatory DNA sequences between C. albicans and S. cerevisiae, position-specific scoring matrices (PSSMs) for αsg cis-regulatory sequences were determined for the S. cerevisiae and C. albicans clades (Fig. 1A) . For this study, we define the S. cerevisiae clade as encompassing S. cerevisiae, Saccharomyces bayanus, Saccharomyces mikatae, and Saccharomyces paradoxus (12) and the C. albicans clade as C. albicans, Candida tropicalis, and Candida dubliniensis (13) . The extent of divergence between the two PSSMs was then measured, revealing significant differences between the αsg cis-regulatory sequences of the C. albicans and S. cerevisiae clades (Fig. 1B) . Although the Mcm1-binding site was strongly conserved between the two clades (E = 0.0016; Materials and Methods), the adjacent sequence (known to be recognized by Matα1 in S. cerevisiae) was not conserved (E > 1,200). Instead, the C. albicans clade appeared to have a different binding site in the same position.
At least three models can be invoked to explain this divergence. In the first model, "regulatory protein substitution," a transcription regulator other than Matα1, recognizes the motif adjacent to the Mcm1 site within the C. albicans αsg cis-regulatory sequence. According to this model, the synthesis of this other transcription regulator would depend on Matα1, thereby preserving the regulatory logic (14) . In the second model, "binding specificity divergence," the binding specificity of Matα1 would have coevolved with its binding site to such an extent that the two binding sites no longer appear related by a standard criterion. In the third model, the Matα1 protein would possess a relaxed specificity enabling it to recognize both cis-regulatory sequences.
C. albicans Matα1 Activates Transcription by Binding to the C. albicans αsg cis-Regulatory Sequences. To distinguish between these possibilities, we ectopically expressed C. albicans Matα1 in S. cerevisiae MATa cells (which lack S. cerevisiae MATα1) and assessed its ability to activate transcription from a C. albcians αsg cis-regulatory sequence. We observed strong transcriptional activation by the C. albicans Matα1 that depended on the presence of the sequence adjacent to the Mcm1 site ( Fig. 2A) , as well as the Mcm1 site itself (Fig. S1 ). These results indicate that C. albicans Matα1 can activate transcription by binding directly to the C. albicans αsg cis-regulatory sequence. To confirm this observation, we expressed high levels of C. albicans Matα1 in S. cerevisiae MATa cells and showed by electrophoretic mobility gel shift assays on cell extracts that C. albicans Matα1 bound a C. albicans αsg cis-regulatory sequence; incubation of the sample with a C. albicans Matα1 peptide antibody resulted in a supershift (Fig. 2B) . Taken together, these results rule out the proteinsubstitution model. We next addressed whether the lack of similarity between S. cerevisiae and C. albicans Matα1-binding sites reflected a true difference in the DNA-binding specificity between the two orthologs, as opposed to a relaxed Matα1 DNA-binding specificity that allows for the recognition of both sequences. We measured the ability of the S. cerevisiae and C. albicans Matα1 proteins to activate transcription from both the S. cerevisiae and C. albicans αsg cis-regulatory sequences and found that Matα1 efficiently activated transcription only from the αsg cis-regulatory sequence of its own species (Fig. 3A) . These findings were verified by electrophoretic gel shift assays using S. cerevisiae cell extracts containing either ectopically expressed S. cerevisiae Matα1 or C. albicans Matα1 (Fig. 3B) .
The experiments described above were performed using the cisregulatory sequences from a particular α-specific gene (α-mating pheromone gene), but the same results were obtained for another set of cis-regulatory sequences taken from the promoters of another α-specific gene (mating a-factor receptor gene) (Fig. S2 ). Additional constructs ruled out the possibility that small differences in the Mcm1-binding site could be contributing to species specificity of Matα1 binding (Fig. 3C ). Taken together, these experiments lead to the conclusion that the Matα1 protein has undergone a substantial change in its DNA-binding specificity.
DNA-Binding Specificity of the C. albicans Matα1 Protein Evolved
After the Divergence of S. cerevisiae and C. albicans When in the evolutionary history of the hemiascomycetes did the change in Matα1 DNA-binding specificity occur? To address this question, orthologs of the S. cerevisiae and C. albicans α-specific genes were identified across all available genome-sequenced yeasts. This analysis includes two newly sequenced fungal genomes: Kluyveromyces wickerhamii and Kluyveromyces aestuarii (Materials and Methods). When an unambiguous ortholog could be identified, it was then determined (using PSSMs) whether an S. cerevisiae-like or C. albicans-like αsg cis-regulatory sequence was present in the orthologous αsg promoters. The S. cerevisiae-like Significant divergence of the αsg cis-regulatory sequence between C. albicans and S. cerevisiae. (A) PSSM for the S. cerevisiae clade αsg cisregulatory sequence (Sc) was derived using MEME from 27 sequences identified in either the promoters of known S. cerevisiae αsgs (42) or the promoters of the orthologous genes in S. mikatae, S. paradoxus, and S. bayanus. The PSSM for the C. albicans clade αsg cis-regulatory sequence (Ca) was derived using MEME from 12 sequences that originated from either C. albicans αsg promoter sequences (10) or promoters of the orthologous genes in C. tropicalis and C. dubliniensis. (B) Alignments of the S. cerevisiae Matα1 motif to the unknown motif within the C. albicans αsg cis-regulatory sequence (Left) and the αsg Mcm1 motif from S. cerevisiae and C. albicans (Right). Motif alignments and E values were calculated using MochiView (30) , which quantifies similarities between motifs by using an algorithm derived from Gupta et al. (32) . albicans αsg cis-regulatory sequence taken from the α-mating pheromone gene was inserted into a basal promoter construct upstream of a β-gal reporter (pLG669Z). The same C. albicans αsg cis-regulatory sequence was also mutated to alter the residues at the position where Matα1 binds to the S. cerevisiae cis-regulatory sequence (Ca-Δ). These constructs were introduced into S. cerevisiae MATa cells (MATa cells lack S. cerevisiae MATα1). In the two right lanes, strains also contain a 415-translation elongation factor promoter (TEF) plasmid modified to express a codon-changed C. albicans Matα1 (the codon changes were necessary because C. albicans decodes the CUG codon as serine and most other species, including S. cerevisiae, decode it as a leucine). Reporter activity was monitored using β-galactosidase assays. For each sample, n = 5 and error bars represent SE. (B) Electrophoretic mobility gel shift assays were performed using S. cerevisiae cell extracts. The labeled oligonucleotide used in this experiment was the C. albicans αsg cis-regulatory sequence described in A. Extracts were prepared from an S. cerevisiae MATa strain containing a galactose-inducible copy of the codon-changed C. albicans Matα1. Each lane contains 5 mg of protein from cell extracts. Galactose induction was performed overnight on samples in lanes 2 and 4 (lanes 1 and 3 are grown in glucose, turning off C. albicans Matα1 expression). In lanes 3 and 4, an N-terminal peptide antibody against C. albicans Matα1 (Bethyl Laboratories) was used to confirm that DNA-binding activity was attributable to the C. albicans Matα1 protein.
cis-regulatory sequence appears to be present as early as the common ancestor of S. cerevisiae and Kluyveromyces lactis (Fig.  4A ), a result that was experimentally corroborated using the K. lactis Matα1 protein (Fig. S3) .
The C. albicans-like sequence appears to be largely conserved across the CTG-clade (e.g., C. albicans, Debaryomyces hansenii). Proceeding outward along the phylogenetic tree, we found matches to the S. cerevisiae cis-regulatory sequence in the filamentous fungi (e.g., Aspergillus terreus, Sclerotinia sclerotiorum), an outgroup to both the Candida and Saccharomyces lineages. In fact, the filamentous fungi αsg cis-regulatory sequence (derived from the promoters of all identifiable orthologs to either C. albicans or S. cerevisaie αsgs) closely resembles the S. cerevisiae clade αsg cis-regulatory sequence (Fig. 4B ). This analysis indicates that the common ancestor to S. cerevisiae, C. albicans, and the filamentous fungi may have had a Matα1 DNA-binding specificity similar to that of the modern S. cerevisiae protein and that the binding specificity of the modern C. albicans Matα1 changed along the evolutionary path to the common ancestor of the CTG-clade. We tested this hypothesis directly by moving an αsg cis-regulatory sequence from a filamentous fungus (Uncinocarpus reesii) into S. cerevisiae (15) . Expression was efficiently activated from this sequence by the S. cerevisiae Matα1 and only weakly activated by the C. albicans Matα1 (Fig. 4C) , consistent with the idea that the ancestral Matα1 protein possessed an S. cerevisiae-like DNAbinding specificity and that the most dramatic specificity change occurred in the common ancestor of the CTG-clade.
Even within the CTG-clade, however, the Matα1 DNA-binding specificity did not remain constant. Candida lusitaniae showed significant differences from C. albicans in its cis-regulatory sequences (Fig. 4A) . In addition, the HMG DNA-binding domain of the C. lusitaniae Matα1 is the most divergent amino-acid sequence among the CTG-clade Matα1 orthologs (Fig. S4) . To test whether these differences have consequences, we ectopically expressed C. lusitaniae Matα1 in S. cerevisiae and determined whether it could activate transcription from cis-regulatory sequences from C. lusitaniae, S. cerevisiae, or C. albicans. Matα1 from C. lusitaniae efficiently activated transcription only from its own species cisregulatory sequence (Fig. 5B) . This result indicates that Matα1 DNA-binding specificity has undergone additional changes within the CTG-clade. We also note that the αsg cis-regulatory sequence in Yarrowia lipolytica does not resemble the C. albicans or S. cerevisiae PSSM, suggesting yet another specificity change within that lineage (Fig. 4 and Fig. S5 ).
Discussion
We have combined bioinformatic, genetic, and biochemical experiments to demonstrate a substantial change in the DNAbinding specificity of a deeply conserved transcription regulator. Matα1 (an HMG domain protein) and its recognition sequence appear to have diverged substantially across the ascomycete lineage. The most dramatic changes likely occurred in the common ancestor of the CTG-clade (e.g., C. albicans, D. hansenii). One manifestation of this change is that the DNA sequences recognized by Matα1 from C. albicans appear unrelated to those recognized by its S. cerevisiae ortholog. The divergence of Matα1 DNA-binding specificity is not limited to a single phylogenetic branch point, indicating that the divergence of Matα1 DNA-binding specificity has occurred multiple times.
Insights into Transcription Regulator DNA-Binding Specificity Divergence. Several examples of transcription regulator DNAbinding specificity evolution have been linked to gene duplications (16, 17) , which are hypothesized to permit drift in DNA-binding specificity by relaxing negative selection (18) . The evolution of Matα1 DNA-binding specificity demonstrates that DNA-binding specificity can extensively diverge apparently in the absence of gene duplication. Matα1 orthologs can be easily traced through- (A) αsg cis-regulatory sequence of the promoter for the α-mating pheromone from C. albicans (Ca) or from S. cerevisiae (Sc) was inserted into a basal promoter construct (pLG669z). These constructs were introduced into S. cerevisiae MATα Δmatα1 cells along with a 415-TEF plasmid modified to express S. cerevisiae MATα1 (columns 2 and 5) or a 415-TEF plasmid modified to express the codonchanged C. albicans MATα1 (columns 3 and 6). Reporter activity was monitored using β-galactosidase assays. For each sample, n = 5 and error bars represent SE. (B) Electrophoretic mobility gel shift assays were performed using S. cerevisiae cell extracts. The labeled oligonucleotide used in this experiment was either the C. albicans αsg cis-regulatory sequence (lanes 4-6) or S. cerevisiae αsg cis-regulatory sequence (lanes 1-3), both of which are described in A. Extracts were prepared from either S. cerevisiae MATa cells containing a galactose-inducible copy of C. albicans MATα1 or S. cerevisiae MATα cells containing a galactoseinducible copy of the S. cerevisiae MATα1 (p415GAL). Galactose induction was performed overnight on samples in lanes 2, 3, 5, and 6 (lanes 1 and 4 are grown in glucose). Each lane contains 5 mg of protein from cell extracts. (C) To create the Ca/Sc hybrid construct, the Matα1-binding site from the Ca reporter construct was used to replace the Matα1-binding site in the Sc reporter construct. To create the Sc/Ca hybrid construct, the Matα1-binding Saccharomyces site from the Sc reporter construct was used to replace the Matα1-binding site in the Ca reporter construct. Reporter activity was monitored using β-galactosidase assays.
out the yeasts because of their conserved synteny within the MAT locus and their conserved protein sequence (Fig. S4) . Orthology mapping of Matα1 (Materials and Methods) across 38 genomesequenced yeasts detected only a single unique Matα1 ortholog in all species in which the MAT locus has been sequenced. In contrast to examples of specificity changes between paralogs, Matα1 DNA-binding specificity divergence is not limited to a single phylogenetic branch point. Instead, Matα1 DNA-binding specificity appears to have diverged at several different points, indicating that DNA-binding specificity divergence between orthologous regulators can be a continuous process.
Despite this change in DNA-binding specificity, the Matα1 transcription regulator retains the same core function in both S. cerevisiae and C. albicans-activation of the αsgs. The conservation of function despite changes in DNA-binding specificity has been previously reported for other transcription regulators [e.g., Rpn4 (5), Yap1 (6)]. In these cases, however, the changes in DNAbinding specificity were subtle and likely resulted from limited coevolution of protein and DNA. We propose that the divergence of Matα1 DNA-binding specificity also represents a case of coevolution with its recognition sequence. If so, the overall change likely occurred in a stepwise fashion, perhaps the end result of numerous independent changes similar in magnitude to the DNAbinding specificity divergence between the C. albicans and C. lusitaniae Matα1. Consistent with this idea, the HMG DNAbinding domain of the S. cerevisiae and C. albicans Matα1 has undergone substantial divergence (Fig. S4) .
We note that most fungi have approximately five αsgs; although this is not a large regulon, its conserved size indicates that the evolution of the Matα1-DNA interaction occurred across a set of target genes rather than across a single gene. In addition, the interaction of Matα1 with its cofactor Mcm1 also appears to be conserved between S. cerevisiae and C. albicans. This conserved protein-protein interaction could have facilitated the evolution of Matα1 by helping to "hold it in place" while its protein-DNA interaction slowly changed.
Missing Examples of DNA-Binding Specificity Divergence. How widespread are major evolutionary changes in DNA-binding specificity by transcription regulators? There are surprisingly few documented examples of extensive DNA-binding specificity divergence between orthologs or paralogs, a fact that has been used to argue that DNA-binding specificity evolution is uncommon in transcriptional networks. However, there is an unintended experimental bias against detecting instances of transcription regulator divergence (19) . There are many reasons why a regulator from one species might not function in another species; hence, these observations are rarely pursued and often left unpublished. As a result, examples of functional conserva- Fig. 4 . DNA-binding specificity of the C. albicans Matα1 protein evolved after the divergence of S. cerevisiae and C. albicans. (A) Orthologs of the S. cerevisiae and C. albicans αsgs were mapped across 38 genome-sequenced yeasts (10, 11, 13, 28, 46, 48) . Where a clear ortholog could be detected, the promoters of these orthologs were scanned with either the S. cerevisiae or C. albicans clade αsg cis-regulatory sequence PSSM (created as described in Fig. 1A) . Maximum log 10 odds scores are shown. Darker shades of orange indicate a stronger match to the PSSM. One-to-one orthologs become more difficult to detect with greater evolution distance, hence, the small number of orthologs identified in the filamentous fungi (e.g., S. sclerotiorum, A. terreus). (B) PSSM for the filamentous fungi αsg cis-regulatory sequence was derived using MEME from nine sequences identified in the promoters of αsg orthologs in the filamentous fungi species U. reesii, C. immitis, F. graminea, A. terreus, A. nidulans, and S. sclerotiorum. (C) Putative αsg cis-regulatory sequence from the promoter of the STE3 ortholog in the filamentous fungi species U. reesii (FF) was placed into the basal promoter construct (pLG669z). The same construct was mutated at the position of the putative Matα1 motif (FFΔ). S. cerevisiae Matα1 was supplied by the endogenous copy within a MATα strain (columns 1 and 2), and C. albicans Matα1 was supplied from expression of p415TEF within an S. cerevisiae MATa strain (columns 3 and 4). Reporter activity was monitored using β-galactosidase assays. For each sample, n = 5 and error bars represent SE.
tion between orthologous transcription regulators may be overrepresented in the literature (20) (21) (22) . For these reasons, we suggest that evolutionary changes in the DNA-binding specificity of transcriptional regulators, as documented here, may be more common than previously assumed.
The example of Matα1 DNA-binding specificity evolution has implications for bioinformatic approaches to transcriptional circuit evolution. If the only data available were the divergent cisregulatory motifs, it would not be possible to distinguish between the three models described in the introduction (transcription regulator substitution, evolution of DNA-binding specificity, and relaxed DNA-binding specificity) and the observation could easily be misinterpreted. Furthermore, Matα1 DNA-binding specificity evolution demonstrates that orthologous transcription regulators can bind cis-regulatory sequences that appear unrelated by computational methods. This finding underscores a significant limitation of bioinformatic approaches to studying transcriptional networks that assume limited transcriptional regulator DNA-binding specificity divergence between species (23-25).
Evolution of the Mating-Type Regulatory Circuitry and Speciation.
The evolution of Matα1 DNA-binding specificity is consistent with a network drift model of transcriptional network evolution (26) . In other words, the coevolution of cis-regulatory sequences and transcription regulator DNA-binding specificity may have provided no specific adaptive advantage. However, it has been noted that compensatory mutations in developmental pathways could drive speciation events through the creation of Dobhanskzy-Mueller incompatibilities (27) . Efficient mating in both S. cerevisiae and C. albicans requires the expression of the αsgs (7, 10), and a disruption in the Matα1-DNA interaction would produce a sterile phenotype. Therefore, a mating event between an individual that had experienced Matα1/cis-regulatory motif compensatory evolution and an individual that had not would produce a high fraction of infertile progeny. Thus, in the absence of spatial isolation of species, coevolution of the mating regulator Matα1 and its DNA-binding sites may have contributed to speciation.
Materials and Methods
PSSMs and Motif Alignments. The PSSM for the C. albicans, K. lactis, and S. cerevisiae clade αsg cis-regulatory sequences was derived by performing multiple em for motif elicitation (MEME) (28) on 12, 15, and 27 sequences, respectively (sequence sets are provided in Table S1 ). The PSSM for the filamentous fungi αsg cis-regulatory sequences was derived by performing MEME from 9 sequences identified in the promoters of αsg orthologs in the filamentous fungi species U. reesii, Cociddes immitis, Fosterella graminea, A. terreus, Aspergillus nidulans, and Sclerotinia sclerotiorum (15, 29) . Promoter sequences from closely related species were pooled to increase the number of sequences submitted to MEME, thereby yielding more accurate PSSMs (under the assumption that species so closely related would not experience drastic changes in DNA-binding specificity between orthologous regulators). No close relatives of Y. lipolytica have been genome-sequenced (30); therefore, our set of αsg orthologs for this branch was quite small (four orthologous genes). Hence, the PSSM built from 6 putative αsg cis-regulatory sequences identified in Y. lipolytica is not as information-rich as the other PSSMs presented in this work (Fig. S5) . Motif alignments were computed using the motif comparison utility in MochiView (31) . MochiView relies on an algorithm derived from Gupta et al. (32) to perform motif alignments. The algorithm maximizes the similarity score between two motifs and then derives an E value from this similarity score by screening a PSSM library to determine how often this similarity score would occur by chance. The PSSM libraries that are compiled in MochiView to increase the accuracy of E values for motif alignments are JASPAR (33), SwissRegulon (34), Gasch/Eisen (5), Badis/Hughes (35), MotifVoter (36), MacIsaac (37) , and Zhu (38) .
Cloning. Primers used in this study are included in Table S2 . Because of several CUG codons in the HMG DNA-binding domain of C. albicans MATα1, we had the gene codon-optimized by DNA 2.0 for expression in S. cerevisiae. Each species' MATα1 was cloned into the 415-translation elongation factor promoter (TEF) CEN/ARS plasmid and sequenced to check for mutations (39) . The level of ectopic expression from these plasmids was insufficient to detect a gel shift. Therefore, each MATα1 was cloned into the inducible, high-expression, 415-GAL 2μ plasmid (40) . To study αsg cis-regulatory sequences, 42-bp regions centered around the putative αsg cis-regulatory sequences for α-mating pheromone gene (except for the filamentous fungi sequence; because of the absence of a clear α-mating pheromone gene ortholog, a sequence from the promoter of mating a-factor receptor gene was used instead) were cloned into the UASless Cyc1 reporter construct pLG699Z (41) using Xho1. Correct orientation relative to the transcriptional start site for the αsg cis-regulatory sequences within our pLG669z-derivatives was confirmed by PCR and sequencing.
Strain Construction. S. cerevisiae strains used and generated in this study are presented in Table S3 . β-galactosidase experiments were either performed in S. cerevisiae W303 MATa cells or S. cerevisiae EG123 MATα Δmatα1 strains (42) . Gel shift experiments were performed using cell extracts from strains built in the S. cerevisiae W303 background.
β-Galactosidase Assays. β-galactosidase assays were performed using a standard protocol (41) . Strains were grown in SD-Ura-Lue media to maintain selection for both plasmids. For each strain, five colonies were grown overnight, diluted back, and allowed to reach log phase. Cells were harvested and permeabilized, and activation assays were performed. The data provided throughout any figure are from the same day.
Electrophoretic Mobility Shift Assays. Yeast strains were grown overnight in either glucose or galactose medium (in both media types, selection was maintained for the plasmid marker), depending on whether ectopic expression of Matα1 was desired. Harvested cells were of an OD 600 between 0.75 and 1.0. S. cerevisiae pellets were resuspended in 100 mM Tris (pH 8), 200 mM NaCl, 1 mM EDTA, 10 mM MgCl 2 , 10 mM β-mercaptoethanol, 20% (vol/vol) glycerol, and Roche Complete protease inhibitors (one tablet per 10 mL). Extracts were lysed by sonification and then cleared by centrifugation at 12,000 × g for 20 min, yielding ∼10 mg/mL total protein. Electrophoretic mobility gel shift assays were performed using S. cerevisiae cell extracts as described by Keleher et al. (43) . The αsg cis-regulatory sequence oligonucleotide probes were labeled with 32 P γ-ATP using T4 polynucleotide kinase. Binding conditions were 50 mM Tris (pH 8), 100 mM NaCl, 10% (vol/ vol) glycerol, 5 mM MgCl2, 5 mM β-mercaptoethanol, 50 μg/mL Poly(dI-dC) Fig. 5 . Matα1 DNA-binding specificity has continued to diverge within the CTG-clade. Three putative αsg cis-regulatory sequences were identified by MEME in the promoters of C. lusitaniae αsg orthologs. The αsg cis-regulatory sequence of the promoter for the α-mating pheromone (MFα1) from C. lusitaniae (Cl) was inserted into a basal promoter construct (pLG669z), and the C. lusitaniae Matα1 was expressed from a 415-TEF plasmid. Plasmids were transformed into an S. cerevisiae MATα Δmatα1 strain. Reporter activity was monitored using β-galactosidase assays. For each sample, n = 5 and error bars represent SE.
(limits nonspecific protein/DNA binding), and 1.2 μM labeled oligonucleotide. Antibody supershifts were accomplished using a Matα1 N-terminal peptide antibody (antigenic sequence MGNKKKTRKTVPKEFISLC; Bethyl Antibodies). For a 20-μL protein/DNA-binding reaction, 0.5 μL of a 1:100 dilution of immune serum was sufficient to induce supershifts.
Orthology Mapping. Orthology mapping was performed as described by Tsong et al. (44) . S. cerevisiae and C. albicans αsg protein sequences were used to "query" a single database containing all ORF sequences from 38 fungal species using PSI-BLAST (45), utilizing an E value cutoff of 10 −5 and the Smith-Waterman alignment option. The sequences returned by PSI-BLAST were then multiply aligned with multiple sequence comparison by log (MUSCLE), and a neighbor joining (NJ) tree was inferred, again using ClustalW (46) . Finally, the resulting NJ tree was traversed to extract a set of orthologous genes.
Genome Sequencing. To improve our ability to detect cis-regulatory sequences in K. lactis using phylogenetic footprinting (47) , the genomes of the two close relatives of the K. lactis [K. aestuarii (American Type Culture Collection 18862) and K. wickerhamii (UCD 54-210)] were sequenced. K. aestuarii was sequenced to an estimated coverage of 14× coverage and K. wickerhamii was sequenced to an estimated coverage of 12× coverage on a 454 platform at the Washington University Genome Sequencing Center. The Washington University Genome Sequencing Center used the assembly algorithm Newbler in early 2008 to assemble the 454 reads into contigs. This level of sequencing was insufficient to assemble complete chromosomes but was sufficient to extract information about αsg orthologs in these species. For K. wickerhamii, after assembly, the number of long contigs (>500 bp) was 510 and the number of short contigs (>100 bp) was 953. For K. aestuarii, the number of long contigs (>500 bp) was 336 and the number of short contigs (>100 bp) was 682. The sequence will be available through the Johnson laboratory Web site, along with ORF calls, and is currently available through GenBank as a whole-genome shotgun sequencing project data [GenBank accession nos. AEAS00000000 (K. aestuarii) and AEAV00000000 (K. wickerhamii)].
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